Cross-modal reorganization in the auditory and visual cortices has been reported after hearing and visual deficits mostly during the developmental period, possibly underlying sensory compensation mechanisms. However, there are very few data on the existence or nature and timeline of such reorganization events during sensory deficits in adulthood. In this study, we assessed long-term changes in activity-dependent immediate early genes c-Fos and Arc/Arg3.1 in auditory and neighboring visual cortical areas after bilateral deafness in young adult rats. Specifically, we analyzed qualitatively and quantitatively c-Fos and Arc/Arg3.1 immunoreactivity at 15 and 90 days after cochlea removal. We report extensive, global loss of c-Fos and Arc/Arg3.1 immunoreactive neurons in the auditory cortex 15 days after permanent auditory deprivation in adult rats, which is partly reversed 90 days after deafness. Simultaneously, the number and labeling intensity of c-Fos-and Arc/Arg3.1-immunoreactive neurons progressively increase in neighboring visual cortical areas from 2 weeks after deafness and these changes stabilize three months after inducing the cochlear lesion. These findings support plastic, compensatory, long-term changes in activity in the auditory and visual cortices after auditory deprivation in the adult rats. Further studies may clarify whether those changes result in perceptual potentiation of visual drives on auditory regions of the adult cortex.
domains. This may be partly overcome by anatomical mapping, specifically using neuronal activity markers. This immunolabeling method is suitable for a more global, spatial analysis of possible changes in neuronal activity patterns among cytoarchitectural areas of the cerebral cortex.
c-Fos is a powerful neuronal functional marker previously used by us to analyze time-dependent changes in activity in the inferior colliculus after ablation of the AC (Clarkson, Juíz, & Merch an, 2010) . The immediate early gene Arc/Arg3.1 is a key molecular tool for cortical plastic adaptations, which is involved in the turnover of fast excitatory AMPA glutamate receptor subunits, among other functions (Bramham, Worley, Moore, & Guzowski, 2008; Byers et al., 2015; Chowdhury et al., 2006; Derkach et al., 2007; Ju et al., 2004) . Thus, after performing an immunocytochemical analysis of the activity-dependent immediate early genes c-Fos and Arc/Arg3.1, we suggest that spatiotemporal changes in the expression of their protein products in adult rat cortical neurons predict novel, long-term cellular mechanisms of cross-modal adaptation to deafness. Young, 3-month-old male Wistar rats, weighing 250-300 g were used. After bilateral cochlear lesions (see below), the brains from two groups of animals euthanized at 15 (n 5 9) and 90 (n 5 7) days after the lesion (days postlesion, dpl) were analyzed as described in detail below.
| MATERIALS A ND METHODS
Controls were brains from normal age-matched rats (n 5 16) processed in parallel with the lesioned animal groups.
| Cochlear lesions
Deep anesthesia was induced with intramuscular injections of ketamine chlorhydrate (30 mg/kg b.w.) and 5 mg/kg xylazine chlorhydrate (5mg/kg b.w.). Bilateral lesions were performed in the cochlea by puncturing the apex with a needle (gauge 20 g), after the middle ear ossicles were removed.
| Auditory evoked potential recordings
Auditory brainstem recordings (ABRs) were obtained from lesioned and control animals to show the effectiveness of cochlear puncture in inducing complete hearing loss.
ABRs were recorded from control animals and experimental animals right before surgery, after surgery and at the end of each experiment, immediately before euthanasia. Briefly, animals were anesthetized and placed in a stereotaxic frame using two hollow methacrylate ear bars.
Closed-field recordings were obtained with a Tucker-Davis Technologies Three subcutaneous needle electrodes placed at the vertex (reference electrode), the mastoid ipsilateral to the stimulated ear (active electrode) and the mastoid contralateral to the stimulated ear (ground electrode) were used for the recordings. Stimuli consisted of a 5-ms window with 1-ms pre-stimulus period and a 0.1-ms alternating polarity click at a repetition rate of 11 bursts/s, delivered in 10 dB ascending steps from 10 to 90 dB SPL. The stimuli were delivered using a magnetic speaker through tubal earphones inserted into the external auditory canal through the methacrylate bar. A 24-cm long tube resulted in a 0.75-ms air conduction time for stimulus arrival at the tympanic membrane. This delay was added to the 1 ms pre-stimulus period to calculate the onset of the ABR (1.7 ms). Responses were averaged 1,000 times.
Evoked potentials were amplified and digitized using a Medusa RA16PA preamplifier and RA4LI headstage. The final signal was filtered with a 10 Hz high-pass filter and a 3 kHz low-pass filter.
| Fixation
Animals were deeply anesthetized with an intraperitoneal injection of 6% sodium pentobarbitone (60 mg/kg b.w.) and perfused transcardially with 4% p-formaldehyde in phosphate buffer (PB). Each experimental animal was processed simultaneously with a control.
| Spiral ganglion neuron counts
The number and size of spiral ganglion neurons (SGNs) were measured in histological sections through Rosenthal's canal to assess SGN degeneration after cochlear lesion.
The cochleae were dissected out and immersed in 5.5% ethylenediaminetetraacetic acid (EDTA) in 1% p-formaldehyde for 15 days at 48C for decalcification. After cryoprotection for 48 hr in 30% sucrose, in 0.1 M PB, the cochleae were embedded in 10% gelatin 1 15% sucrose. Serial, para-modiolar, 30-mm-thick frozen sections were prepared and stained with thionine.
Assembled digital images (mosaics) were captured from serial sections. Nissl stained SGN profiles were segmented by thresholding (see below), their areas were measured and their numbers counted using NIH Image J 1.48v (USA; RRID: SCR_003070) image analysis software.
The numbers obtained by segmentation were corrected using the Abercrombie method to avoid double counting (Abercrombie, 1946; Guillery & Herrup, 1997) . The estimated total number of SGNs (Table 1) largely coincides with those previously reported in adult Wistar rats (Rueda, Sen, Juiz, & Merch an, 1987; Juiz, Rueda, Merch an, & Sala, 1989 
| Antibody characterization
The specific pattern of cellular labeling for the antibodies used in this 
| Quantitative immunocytochemistry
Assembled panoramic digital photomicrographs in the form of mosaics of the whole brain cortex were captured from five sections per case (IA coordinates: 2.76, 3.12, 3.48, 3.84, 4.20 Image J software, using the maximum entropy thresholding segmentation algorithm (Gull & Skilling, 1984; Bardera, Boada, Feixas, & Sbert, 2009 ). The mean and standard deviation of gray levels were assessed in the total extension of the cortex, in all captured mosaics, to cancel out differences in immunostaining intensities within and among experiments.
Cases with average gray levels above or below the total mean gray level 1/2 the standard deviation were dropped from the analysis.
After segmentation of c-Fos immunopositive neurons, the coordinates, perimeter, and mean immunolabeling intensity values of segmented particles were analyzed. These metrics (coordinates, intensity, and perimeter) were combined to generate graphical representations of sections using MatLab software (The MathWorks, Inc, Natick, MA, USA, RRID: SCR_001622). Details of the procedure may be found in Clarkson et al. (2010) . Each dot in our MatLab maps corresponds to one segmented neuron. Differences in dot size express differences in perimeter and the color of the dots encodes the immunostaining intensity of segmented particles. This graphic representation generates highly intuitive maps to assess at a glance changes in c-Fos immunostaining across full panoramic brain sections.
Arc/Arg3.1 labels dendrites and dendritic spines of pyramidal neurons, precluding accurate thresholding segmentation of neuronal somata and morphometric analysis of this immunostained material.
Therefore, Arc/Arg3.1 immunostaining was independently evaluated by three experienced observers.
| Statistical analysis
Statistical analysis was performed using the IBM ® SPSS ® software, version 20 (IBM Crp. and SPSS Inc., Chicago, IL, USA, RRID: SCR_002865).
Quantitative values obtained in each section from every case were averaged for each sensory cortex (ACA and VCA) separately. Differences between groups were analyzed by two-way analysis of variance (ANOVA), followed by post hoc Fisher-PLSD-test and the Bonferroni test. The Pearson product-moment coefficient was used to determine correlations among distribution, labeling intensity and perimeter of 
| Additional technical considerations
The real thickness of sections (sectioned nominally at 40 mm), calculated using Neurolucida software, MBF 8.1) with a 1003 oil immersion objective, was 17.5 mm 6 3 mm. As a control for antibody penetration, 1-mm z-stack images were taken from one section per animal group.
Immunostained neurons were present throughout the section.
The present study uses the terms ACA and VCA to refer to both primary and secondary auditory and visual cortices, respectively. The ACA and VCA boundaries were defined according to Paxinos and Watson atlas coordinates (Paxinos & Watson, 2005) . For convenience, the interposed parietal postero-dorsal and parietal post-rostral subdivisions were included in the VCA. We followed Palomero, Gallagher, and Zilles guidelines (Paxinos, 2004) to define the ACA and VCA layers at any rostro-caudal level.
| R E S U L T S 3.1 | Auditory deprivation testing: ABRs and SGNs counts
ABRs from lesioned animals showed no evoked activity at any sound intensity, nor at 15 or at 90 dpl. Auditory thresholds, wave amplitudes and latencies in control animals and in recordings made before surgery in the deafened groups were similar to those previously reported by us in normal healthy rats (Lamas et al., 2013) .
A loss 72.8% of the neurons in the spiral ganglion, along with a 25.1% decrease in the mean area of the remaining SGNs profiles was observed in the 90 dpl experimental group (Figure 1, Table 1 ). 
| c-Fos immunocytochemistry
The highest concentration of c-Fos-immunolabeled neurons in control animals was found in layers 2/3, 4, and 6, in both the ACA and VCA (Figures 2a and 3a,b ). Regional differences in distribution, immunolabeling intensity and perimeter of c-Fos immunolabeled neuronal nuclei represented in our MatLab maps allows to differentiate, at any rostrocaudal level, the primary and secondary cortices, in both the visual and auditory regions (Figure 4a) . Similarly, the boundaries of the ACA and data from 15 and 90 dpl groups were analyzed together (Table 3) . A global decrease in Arc/Arg3.1 immunoreactive neuronal somata and dendrites was evident in all subdivisions of the ACA in the 15 dpl group (Figures 6b and 7b) . However, immunoreactivity, particularly in pyramidal cell dendrites, recovers in ACA at 90 dpl (Figures 6c and 7c) . Conversely, in the VCA, dendritic Arc/Arg3.1 immunostaining and the number of immunopositive neurons increased in lesioned animals, at 15 and 90 dpl, most noticeably in layers 2/3 and 6, in the 90 dpl group (Figures 6c and 7c ).
| DISCUSSION
Adaptative crossmodal plasticity occurs after the loss of a sensory input, not only contributing to compensating deprivation but also expanding the remaining modalities (Bavelier & Neville, 2002; Merabet & Pascual-Leone, 2010; Frasnelli, Collignon, Voss, & Lepore, 2011) .
Our c-Fos and Arc/Arg3.1 immunoreactivity results support a global, two-stage reorganization of auditory and visual cortices after deafness:
short-term loss of neuronal activation in the ACA, characterized by diminished immunoreactivity for both markers, followed by a long-term recovery in the ACA, with both markers returning to immunostaining levels close to control and increased labeling in the VCA.
| Auditory deprivation model by cochlear puncture
Maturity in male rats occurs approximately at P45-P48 (Sengupta, 2013) . Age-related hearing loss in Wistar rats starts at 12-14 months (Alvarado, Fuentes-Santamaría, Gabald on-Ull, Blanco, & Juiz, 2014) . In our animal model, cochlear lesions were performed in 3-month-old animals (P90), with a total survival time of 6 months, which is long enough to develop hearing loss due to the lesion, but still short enough to avoid confounding age-related hearing loss. The maturation timelines and lifespan of rats and humans are different. Considering all relevant interspecies differences, 1 day of life in rats approximately corresponds to 34.8 days of life in humans (Sengupta, 2013) .
Therefore, the deafness time window used in this study corresponds to 8-17 years of age in humans.
Postlesion flat ABR recordings at intensities up to 80 dBs, together with a massive loss of SGNs, over 70% at 3 months after the lesion, clearly indicate profound and persistent bilateral deafness after the cochlear lesion. The gradual decrease in size of SGNs (Table 1) 
| c-Fos immunocytochemistry
The activity-dependent expression of the immediate early gene c-Fos Lines ending in dots represent statistically significant differences between groups (*5 p < .01; **5 p < .001). Sections from each experimental group were incubated simultaneously with their own controls (controls 5 filled striped bars) to cancel out differences in intensity measurements caused by differences in processing. In the ACA, the average number of neurons immunolabeled for c-Fos in the 15 dpl group is significantly lower than that in control sections. The average number of neurons in the 90 dpl group is significantly higher than that in the 15 dpl group, with values similar to its corresponding control (a left). The average neuron gray level intensities in the 15 dpl group were significantly higher (lower immunolabeling intensity) than the average intensities of their corresponding controls. The average gray level values of the 90 dpl group are lower than those of the 15 dpl (b left). In the VCA, the average number of immunolabeled neurons shows no significant changes between the 15 dpl and the control groups, albeit significantly increasing in the 90 dpl group (a right). The gray intensity values of the 90 dpl group sections are significantly lower (higher immunolabeling intensity) than the intensity values of the controls (b right) system, coincident overexpression of c-Fos immunoreactivity and 2-deoxyglucose autoradiography labeling in the same tonotopic laminae of the inferior colliculus after pure tone stimulation supports using this immediate early expression gene as an auditory activity marker (Marie, Luo, & Ryan, 1999) . Although c-Fos expression in the central nervous system is also associated with apoptosis (Preston et al., 1996) or 4.3 | Arc/Arg3.1 immunocytochemistry Arc/Arg3.1, is an immediate early gene related to excitatory glutamatergic neurotransmission through synaptic regulation of AMPA glutamate receptor trafficking and internalization (Ju et al., 2004; Chowdhury et al., 2006; Derkach, Oh, Guire, & Soderling, 2007; Bramham et al., 2008; Byers et al., 2015) . Arc/Arg3.1-mediated activitydependent endocytosis of AMPA GluR2 subunits, and the subsequent reduction of AMPA receptor mediated currents have been shown in hippocampal slices (Rial Verde, Lee-Osbourne, Worley, Malinow, & Cline, 2006) . AMPA receptors devoid of GluR2 subunits increase calcium inflow to neurons. c-Fos accumulation in nuclei depends on intracellular Ca 21 and second messenger increases due to changes in neuronal activity (Morgan & Curran, 1988; Sheng & Greenberg, 1990 ).
Accordingly, a parallel increase in both genes, shown in our material, expresses a metabolic increase after neuronal activation (c-Fos expression) and homeostatic compensation for an increase in glutamatergic 3.1 expression) . Thus, the decrease in immunopositive neurons at 15 dpl in the ACA may be related with changes in ascending excitation supported by the loss of immunoreactive neurons in layer 4, which is a key target for glutamatergic thalamic connections (Kharazia & Weinberg, 1994) . Decreased levels of Arc/Arg3.1 have been shown in primary AC of Wistar rats following deafness induced by acoustic trauma, thereby suggesting a reduced excitability after hearing loss 6 days after noise exposure (Tan et al., 2007) . Similarly, changes reported herein also show a decrease in c-Fos and Arc/Arg3.1 in the ACA, at a similar time window (15 dpl). Based on its role in AMPA receptor internalization and calcium second messenger activation, the increase in Arc/Arg3.1 and c-Fos positive neurons in layers 2/ 3, 4, and 6 (see Figures 3f and 7c ) at 90 dpl suggests glutamatergic overactivation of the visual cortex.
Layers 4 and 6 are known to be the main target of thalamic glutamatergic ascending connections (Kharazia & Weinberg, 1994 (Angelucci, Clasc a, & Sur, 1998) . Accordingly, recent studies have indicated an effective induction of thalamic plasticity in adult cortices (Cooke & Bear, 2010; Heynen & Bear, 2001; Montey & Quinlan, 2011; Oberlaender, Ramirez, & Bruno, 2012; Yu et al., 2012) . In particular, electrophysiological experiments made after visual deprivation indicate strengthened thalamocortical inputs in primary AC (Petrus et al., 2014) .
Layer 2/3, which largely houses cortical horizontal connectivity, showed increased Arc/Arg3.1 immunoreactivity at 90 dpl in the VCA (Figure 6f) . A homeostatic increase in intrinsic excitability compensating visual deprivation by lid suture or TTX blockade has been shown in layers 2/3, in rat brain slices (Maffei & Turrigiano 2008) . Synaptic plasticity in the cerebral cortex consensually operates by inducing stable structural and functional changes in its intrinsic "horizontal" microcircuits. The capacity to reorganize horizontal connections has been shown after inducing innervation of the medial geniculate body by retinal axons during development. After providing the auditory pathway with visual information, tracer injections in layer 2/3 of the AC showed changes in the size and shape of cortical horizontal terminal fields (Gao & Pallas, 1999) . Accordingly, the increase of Arc/Arg3.1 and c-Fos positive neurons in the VCA, in the 90 dpl group, could also result from VCA overactivation of intrinsic microcircuits.
In conclusion, our results indicate a short-term decrease in auditory activation and a long-term overactivation of the visual cortex with a partial recovery of activation in the AC after bilateral chronic auditory deprivation in the adult rat. Our data suggest that intermodal, longterm changes in c-Fos and Arc/Arg3.1 expression may result from a new, stable, long-term reorganization of thalamo-cortical inputs and horizontal microcircuits between sensory cortices, thereby suggesting the potentiation of cortical visual drivers after hearing deprivation in adult rats. Physiological and behavioral implications remain unexamined. 
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